correlation was observed between the two methods (r = 0.91; SEE = 7%). In contrast, no significant correlation was found between regurgitant fraction measured by either method and the angiographic 1 + to 4 + qualitative classification of regurgitation. Doppler echocardiography appears to be an accurate method for the noninvasive quantification of severity of regurgitation in isolated left-sided valve lesions.
(J Am Coil CardioI1986; 7:1273-8) cent studies (7, 8) have validated its use in measuring cardiac flow through the mitral and aortic valves. Preliminary studies in our laboratory (7, 9) demonstrated the feasibility of determining regurgitant fraction with Doppler echocardiography derived as the difference between the aortic and mitral valve cardiac outputs divided by the cardiac output of the regurgitant valve.
The purpose of this investigation was to compare the regurgitant fraction from Doppler-derived measurements of mitral inflow and aortic outflow with the angiographic standard in patients with isolated aortic or mitral regurgitation and to compare the Doppler and hemodynamic-angiographic measurements of regurgitant fraction with the qualitative angiographic estimates of severity of regurgitation.
Methods
Study patients. The clinical population consisted of patients with either isolated aortic or mitral regurgitation undergoing diagnostic cardiac catheterization. Criteria for inclusion in the study included the presence of sinus rhythm, absence of concomitant mitral or aortic stenosis and technically adequate left ventricular angiograms as well as Doppler and two-dimensional echocardiograms for quantitative analysis. Of 28 patients who met the clinical criteria, 3 were excluded because of suboptimal left ventricular opacification ROKbY ET AL DOPPLER REGURGITANT FRACTION during angiography. No patient was excluded because of inability to obtain the echocardiographic measurements.
The remaining 25 patients consisted of 16 men and 9 women, ranging in age from 18 to 76 years. Nineteen patients had mitral regurgitation and six aortic regurgitation. The etiology of the regurgitation included rheumatic heart disease in eight, mitral valve prolapse or flail mitral valve in six, infectious endocarditis in three, coronary artery disease with papillary muscle dysfunction in three and aortic dissection in two; it was unknown in three patients. All patients were studied prospectively with the Doppler and two-dimensional echocardiographic examinations performed within 24 hours of cardiac catheterization.
Doppler and two-dimensional echocardiographic examination. Doppler and two-dimensional echocardiograms were obtained using a Hewlett-Packard phased array system equipped with a 2.5 or 3.5 MHz transducer, an Electronics for Medicine/Honeywell sector scanner equipped with a 2.25 or 3.5 MHz mechanical transducer or an Advanced Technology Laboratory Mark 600 sector scanner equipped with a 3.0 MHz mechanical transducer. All systems have movable Doppler cursors and utilize fast Fourier transform spectral analysis of the returning frequencies to provide graphic presentation of the frequency shifts. These are converted into velocity (V) by solving the Doppler equation:
where C = velocity of sound in blood (l ,540 rnls), ~F = Doppler shift, fo = emitting frequency of the transducer and () = angle of incidence between the sound waves and flow. In the present investigation, () was considered to be zero because the sound waves were oriented near parallel to the blood flow (Cos of 0 = 1.0). Patients were examined in the left lateral decubitus position using the parasternal long-axis and apical four chamber views. Recordings of the aortic outflow and mitral inflow velocity were obtained as previously described (7, 10) . Simultaneous Doppler signals and an electrocardiographic lead were obtained at 100 mrnls for further Doppler analysis and determination of heart rate.
Doppler and two-dimensional echocardiographic measurements and calculations. The methods for deriving mitral inflow and aortic outflow have been previously -described in detail (7, 10) . Briefly, the time-velocity integral or area under the Doppler velocity curve obtained at the level of the aortic and mitral anuli were measured in at least five cardiac cycles for each valve, respectively, by digitizing through the contour of the darkest portion of the velocity profile using a Digisonics EC-200 graphic analyzer. The diameter of the aortic anulus was measured using the parasternal long-axis view just proximal to the points of insertion of the aortic leaflets during early ejection, one or two video frames after maximal systolic leaflet separation. The di-JACC Vol 7. No (, June 19861273-8 ameter of the mitral anulus was measured from the apical four chamber view two or three frames after mitial maximal opening of the anterior leaflet as the distance from the lateral inner edge to the medial inner edge of the anulus just below the insertion of the mitral leaflets. Cross-sectional areas were obtained assuming a circular geometry for both valve anuli as 7Tr
2 , where r represents half of the anular diameter. Aortic outflow was derived as the product of the aortic time-velocity integral, aortic anulus area and heart rate; mitral inflow was determined as the product of the mitral timevelocity integraL mitral anulus area and heart rate. Regurgitant flow was derived as the difference between mitral and aortic flow. Regurgitant fraction was calculated as regurgitant flow divided by the respective regurgitant valve flow and expressed as percent.
Angiographic examination. Quantitative assessment of regurgitation. All patients underwent right heart catheterization for determination of thermodilution cardiac output and left heart catheterization for determination of angiographic cardiac output using the Sones or Judkins technique. Left ventricular cineangiograms were obtained in the 30° right anterior oblique view with the injection of 40 to 60 ml of meglumine diatrizoate at held midinspiration. A 1 cm grid was filmed to correct for magnification. End-diastolic (largest cavity silhouette) and end-systolic (smallest cavity silhouette) volumes were calculated using the single plane area-length method of Sandler and Dodge and corrected for overestimation using the Kennedy regression formula (11,12). Volumes were obtained during sinus rhythm from cardiac cycles not preceded or followed by premature ventricular complexes. All angiograms were of adequate quality for tracing the ventricular cavity contour. The angiographic heart rate was determined as an average of three to four angiographic cardiac cycles during sinus rhythm. Angiographic cardiac output was determined as the left ventricular stroke volume multiplied by the angiographic heart rate. Forward cardiac output was determined using the average of three measurements using the thermodilution technique. Regurgitant flow was calculated as the difference between angiographic and thermodilution cardiac output, and regurgitant fraction as regurgitant flow divided by angiographic output and expressed as percent.
Qualitative assessment of regurgitation. Aortic root angiograms were performed in the 45° left anterior oblique position in patients with aortic insufficiency. The angiographic severity of aortic and mitral regurgitation was classified as follows: I + , dye clears the receiving chamber (left ventricle or left atrium) with each cardiac cycle; 2 + , dye partially clears the receiving chamber with each cardiac cycle; 3 + , dye progressively opacifies the receiving chamber so that it equals the opacification of the injected chamber or vessel; and 4 + , dye rapidly opacifies the receiving chamber within one or two cardiac cycles and the opacification becomes greater than in the injected chamber or vessel.
The cineangiograms were independently examined by three observers unaware of the Doppler results. In three instances, disagreement in the grading between the observers was resolved by a conference where a final consensus of the grading was obtained.
Reproducibility studies. In a previous study from this laboratory (7) , aortic and mitral valve flows were found to be very similar in the absence of regurgitant lesions but not always identical, and thus a false regurgitant fraction could be calculated which averaged 9 ± II %. To evaluate this further and assess reproducibility of the method, data from patients with dilated cardiomyopathy who were studied serially in our laboratory were analyzed. These patients were selected from a group of patients with cardiomyopathy followed up prospectively in our laboratory because of the absence by Doppler echocardiography of mitral or aortic regurgitation and the availability of two Doppler studies at a 3 month interval. Both studies were performed by the same technician with the same instrument and a false regurgitant fraction was determined as the difference between mitral and aortic valve flows divided by the larger of the two flows. Reproducibility studies in patients with regurgitant lesions could not be performed because it could not ROKE! ET AL DOPPLER REGURGITANT FRACTION 1275 be determined whether an observed change was real or induced by the errors of the method.
Analysis of data. Correlation of Doppler and angiographic measurements of regurgitant fraction was done by linear regression analysis. To correlate the I + to 4 + angiographic classification of regurgitation with the quantitative assessment, the Doppler and angiographic regurgitant fractions within each classification were compared by chisquare analysis. The false regurgitant fractions obtained at different times were compared with the Student t test for paired variables with significance established at a probability (p) value less than 0.05.
Results
Individual results are listed in Table 1 . For the group as a whole, the average heart rates did not differ significantly during the Doppler and angiographic studies (84 versus 81 beats/min, respectively).
Doppler versus angiographic regurgitant fraction. A significant correlation was observed between regurgitant fraction by Doppler and angiographic methods (r = 0.91; SEE = 7%) (Fig. I) . Regurgitant fraction by the Doppler 15.7 ± 7.6 18.6 ± 6.8
A false regurgitant fraction CRF") was derived by comparing mitral and aortic flows at two different times (1 and 2) (see text). The letters in parentheses indicate which of the two flows was greater. Ao = aortic; M = mitral.
False regurgitant fractions. The false regurgitant fractions obtained in the 11 patients with cardiomyopathy during the two serial examinations are listed in Table 2 and averaged 15.7 ± 7.6% and 18.6 ± 6.8%, respectively (p = NS). Mitral flow was greater than aortic flow in 8 of the 11 patients during the first examination and in 6 of the 11 during the second examination.
Discussion
Qualitative assessment of aortic or mitral regurgitation by Doppler echocardiography has been extensively described. However, the correlation with the angiographic assessment of severity of regurgitation is quite variable (13) (14) (15) . Our study validates the use of Doppler echocardiography to quantitate regurgitant fraction in isolated mitral or aortic regurgitation as the difference between the aortic outflow and mitral inflow divided by the flow through the respective regurgitant valve, This technique is noninvasive, does not depend on assumptions of ventricular geometry for determination of ventricular volume and is thus potentially ideal for serial quantitative evaluation of regurgitant fraction and assessment of medical therapy designed to decrease the severity of regurgitation. Limitations of Doppler method. Theoretically, in the absence of aortic or mitral regurgitation, the regurgitant fraction calculated by the Doppler method should be zero, In a previous study from our laboratory (7), an excellent correlation was observed between aortic outflow and mitral inflow in a group of 20 patients with normal aortic and mitral valves, However, some differences were observed between the two flows that resulted in calculation of a regurgitant fraction of 9 ± 11 %. In the 11 patients with cardiomyopathy studied for reproducibility in the present investigation, we found an average regurgitant fraction of 15.7 ± 7.6%, which did not change significantly during the second examination and was within 20% in the majority of patients. The mitral flow was more frequently greater than the aortic. Patients with cardiomyopathy represent a good test model for the method of determining regurgitant fraction because they frequently have a reduced cardiac output and thus, the differences between mitral and aortic flows are accentuated when expressed as a fraction. It therefore appears that a 20% regurgitant fraction can be frequently seen in normal valves by Doppler echocardiography, The potential sources of error in Doppler flow calculations have been previously discussed (7); the most common ones are those associated with measurements of the aortic or mitral anulus cross-sectional area, Measurements are, however, fairly reproducible from one time to another, suggesting that in an individual patient, a serial change in regurgitant fraction of 20% or greater can be considered significant Limitations of angiographic method. A similar false angiographic regurgitant fraction of up to 20% has also been reported (4) in normal patients as a result of errors inherent in the methods of measuring left ventricular volumes and forward cardiac output In addition, the accuracy of the angiographic technique may be altered by changes in hemodynamic variables between measurements. However, despite the limitations of both methods, a good correlation was observed between Doppler and angiographic measurement of regurgitant fraction, suggesting that both techniques could differentiate accurately the multiple grades of regurgitation, Furthermore, the good correlation of regurgitant fractions occurred in the presence of a less than optimal correlation of measurements of regurgitant volumes, suggesting that errors with both techniques occurred more often unidirectionally, thus having less of an effect on the ratio of forward to total cardiac output.
Regurgitant fraction versus qualitative angiographic classification. In contrast to the results observed with the quantitative methods, no significant correlation was found between measurements of regurgitant fraction and the 1 + to 4 + angiographic classification of severity of regurgitation, a finding that has been previously noted (4) . Although widely used clinically, the 1 + to 4 + classification is flawed with inaccuracies. Errors in visually estimating the degree or severity of regurgitation owing to faulty placement of a catheter or to premature ventricular complexes are technical causes that may lead to unreliable interpretation when grading the severity of regurgitation, Insufficient or low pressure injection of contrast material into a large ventricle, poor systolic function or the presence of a large left atrium may lead to underestimation of the severity of mitral regurgitation. Similarly, insufficient or low pressure injection of contrast medium into an aortic root or regurgitation into a large ventricle can also lead to underestimation of the severity of aortic regurgitation.
Potential application in mixed regurgitant lesions. The Doppler technique described in this investigation was restricted to isolated aortic or mitral regurgitation using only flows from the normal and the regurgitant valve, However, it should also be possible to quantify regurgitant fraction using pulmonary or tricuspid flow as forward output, both of which have been recently validated (16, 17) . Kitabatake et al. (18) recently reported accurate determinations of aortic regurgitant fractions using the pulmonary flow measured by the Doppler method as forward output. In patients with combined aortic and mitral regurgitation, this approach should allow calculation of the regurgitant fraction for each valve, thus providing for the first time a clinical assessment of the contribution of each regurgitant lesion to the volume load of the left ventricle.
